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The optical behavior of coupled systems, in which the breaking of parity and time-reversal
symmetry occurs, is drawing increasing attention to address the physics of the exceptional
point singularity, i.e., when the real and imaginary parts of the normal-mode eigenfrequencies
coincide. At this stage, fascinating phenomena are predicted, including electromagnetic-
induced transparency and phase transitions. To experimentally observe the exceptional
points, the near-field coupling to waveguide proposed so far was proved to work only in
peculiar cases. Here, we extend the interference detection scheme, which lies at the heart of
the Fano lineshape, by introducing generalized Fano lineshapes as a signature of the
exceptional point occurrence in resonant-scattering experiments. We investigate photonic
molecules and necklace states in disordered media by means of a near-field hyperspectral
mapping. Generalized Fano profiles in material science could extend the characterization of
composite nanoresonators, semiconductor nanostructures, and plasmonic and metamaterial
devices.
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Fano profiles were introduced for describing strong asym-metries in the autoionization spectra that arise from thequantum interference between two competing transitions1–3.
This interference scheme was employed in nuclear, atomic, and
solid state physics4–8. Later, it was imported into photonics and
plasmonics, describing a single or even double resonance sys-
tems9–11, exploiting the asymmetric lineshape to enhance sensors
sensitivity12 and using their local changes as an intrinsic
interferometer13,14. In this picture, Fano profiles are the mani-
festation of the interference between a resonant mode and a flat
background, whose phase difference generates a variety of line-
shapes15. They are also associated to the quantum
electromagnetic-induced transparency (EIT), where the interac-
tion with a metastable state suppresses the resonant absorption,
leading to a sharp transmission window16. In plasmonics, the
coupling of radiative and dark modes can mimic the atomic
EIT17. In photonic-coupled resonators, a similar sharp trans-
parency window was observed by exploiting destructive inter-
ference and by using an adjacent waveguide for measuring the
transmission17–20. For coupled systems made of two almost
resonant building blocks, two different regimes emerge depending
on the ratio of the single-loss differences over the mode coupling.
The weak-coupling regime (where the normal modes have equal
frequencies but different losses) shows a transparency peak-
denominated EIT21. The second case corresponds to the strong-
coupling regime, where the normal modes show different fre-
quencies but identical losses and the spectral response is char-
acterized by the Autler–Townes splitting (ATS), therefore the
transparency window is denominated ATS21. Notably, at the
transition between EIT and ATS exists a singularity, denominated
exceptional point (EP), where the two normal states coalesce into
a single one. The EP is a feature of open coupled systems related
to the breaking of the parity and time-reversal symmetry21–23. At
the EP, phenomena like quantum-phase transitions and quantum
chaos were predicted24,25. Among the effects studied in coupled-
photonic systems, we mention the transition to a single laser
mode26, the reversal of the pump dependence in coupled-
quantum cascade lasers27 and the non-reciprocal wave propaga-
tion in coupled waveguides28. However, as the EP occurs exactly
at the transition between EIT and ATS, it is quite elusive to be
detected. The EP transition was revealed by performing coherent
measurements, typically observing the transmission through a
waveguide (WG) coupled in the near-field to a system of two
photonic resonators both in the EIT and ATS regime21,29. The
major limitation of this scheme is the need for a specific sample
that allows a side-coupled WG. Even if it would be possible,
accurate conclusions can be drawn only if a large loss-detuning
between the two resonators is present and if the WG is coupled
only to the lower quality factor cavity. Therefore, a general tool
for addressing the close proximity to the EP is actually missing.
Here, we employ resonant scattering (RS) in scanning near-
field optical microscopy (SNOM) to reveal EPs. The near-field
probe takes the role of the WG and overcomes the limitations
explained above. In this scheme, we model the modes interference
by introducing the so called generalized Fano lineshapes and link
them to the results present in the literature. We investigate a
photonic system where the modes of two coupled nanocavities,
called photonic molecule, are tailored close to the EP by a post-
fabrication control. We observe a wide class of generalized Fano
profiles, which nicely agree with the model and with finite-
difference time-domain (FDTD) calculations. As a further
application, we employ generalized Fano profiles to discriminate
individual localized modes versus necklace states in disordered
photonics systems .
Results
Conceiving experiments close to the exceptional point. In
dielectric-coupled and plasmonic-coupled systems, the mathe-
matical requirements of the EP singularity can be achieved only
within the fabrication tolerance. For any unavoidable deviation,
the two normal modes show a small frequency splitting (ATS
case) or a small-loss difference (EIT case). Our study refers to
coupled-photonic resonators that, as built-in initial condition, are
characterized by almost degenerate modes in close proximity to
the EIT–ATS transition. We designed experiments where the
spectral lineshape results from the interference between light
confined in coupled modes and light not-resonant with the
modes. To refer to the literature, we analyzed the transmission
through a waveguide coupled to a photonic molecule, as shown in
the schematic of Fig. 1a. Here κ is the coupling between the single
cavities with losses γ1, γ2, and identical frequency (ω1 =ω2=ω0).
The WG is coupled to the cavity with the larger loss (γ1) only.
Spectral lineshapes in the EIT (κ< κ0, where κ0 = |γ1 − γ2|/2) and
ATS (κ> κ0) regimes are given for large loss mismatch (γ1/γ2 =
10) in Fig. 1b. Although in both cases a sharp transparency
window inside a broad Lorentzian dip emerges, the difference is
enough to provide a signature of the transition through the EP, by
means of the Akaike information criterion21. However, the WG
approach fails in revealing the EP in many situations. In fact, a
clear transparency peak occurs only if γ1/γ2 ≳ 3; that is, if the WG
is coupled to the cavity with the larger loss and if the initial loss
difference is quite large, as highlighted by Fig. 1c, where the peak
disappears for γ1/γ2 = 1.1. We overcame these limitations by
conceiving a resonant-scattering near-field experiment, which
allows for a neat discrimination between the two coupling
regimes by means of a coherent detection. As reported in the
schematic of Fig. 1d, the near-field probe (a tapered optical fiber)
replaces the WG, with the advantages of probing both resonators
with high-spatial resolution and relaxing all the constraints in the
sample design. In a photonic molecule (assuming the tip in a
position where it experiences a comparable coupling with both
modes), our model predicts lineshapes quite different from
standard Fano profiles. In Fig. 1e–f, we calculated the SNOM
response using the same parameters of the system tested by the
WG. Each of the four spectra (ATS and EIT with γ1/γ2 = 10 and
1.1) shows two crossings with its zero-value baseline and an
opposite behavior between EIT and ATS profiles. These line-
shapes arise from the interference of two resonances with the flat
non-resonant scattering, thus showing a physical origin strictly
related to standard Fano profiles. Therefore, we denominate them
as generalized Fano lineshapes. The detection of generalized Fano
lineshapes can reveal the EP independently on the loss mismatch,
thus improving the WG approach. The WG and the near-field
models are strongly connected around the EP singularity, both for
EIT and ATS lineshapes. For instance, the difference between the
waveguide transmission and the near-field resonant scattering
turns out to be a Lorentzian dip representing the transmission
through a WG coupled to a single-cavity system, as shown in
Fig. 2a and in Supplementary Note 4. We evaluated the analytical
expression of the generalized Fano lineshape, F2(ω), that repro-
duces the near-field response reported in the central profile of
Fig. 2a, see Supplementary Note 3.
F2 ωð Þ ¼ 2F0γ
q ω ω0ð Þ2γ2
 þ γðq2  1Þ ω ω0ð Þ
ω ω0ð Þ2þγ2
 2 : ð1Þ
Here ω0, γ are the resonant frequency and the broadening at
the EP and F0 is an amplitude factor of the mode, whereas q is the
Fano parameter. Equation (1) is only one example of generalized
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Fig. 1 Modeling of waveguide and near-field resonant transmission in a photonic molecule close to the exceptional point. a Schematics of two coupled-
photonic cavities tested by a waveguide, where the e.m. field is propagating from left to right. The waveguide is coupled (red arrows) to the resonator with
losses γ1, which is also coupled with coupling strength κ to the upper resonator with losses γ2. b, c Calculated waveguide transmission change due to the
presence of the photonic molecule for different values of κ to reproduce both the Autler–Townes splitting (ATS) case, for κ= 1.2κ0, and the
electromagnetic-induced transparency (EIT) case, for κ= 0.8κ0, with γ1/γ2= 10 and γ1/γ2= 1.1, respectively. The resonant frequencies of the single
uncoupled cavities are ω1=ω2=ω0. d Schematics of the photonic molecule tested by a near-field probe (blue cone) with incoming and outgoing e.m.
waves. e, f Calculated transmission change through the near-field probe for the same cases reported in b and c, respectively. All spectra are calculated by
means of the coupled-mode theory (Supplementary Note 4). Horizontal dashed lines represent the zero value of each lineshape
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Fig. 2 Generalized Fano lineshapes calculation. a The difference between the profiles obtained by the waveguide and near-field models, for κ= 0.8κ0 and
γ1/γ2= 10, as reported in Fig. 1b and e, gives rise to a Lorentzian dip corresponding to the transmission of the waveguide coupled to a single-cavity system.
The near-field generalized Fano profile (central red line) is reproduced by Eq. (1) (blue line) with the fit output parameter q= −1. b Four representative
generalized Fano lineshapes obtained by the near-field model using Supplementary Eq. (61) close to the EP. They show 0, 1, 2, and 3 zero-crossing with the
zero-value baseline, respectively
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Fano lineshape. In close proximity to the EP, but by considering a
different coupling between photonic modes and near-field tip
(i.e., by changing the detection point), different generalized Fano
lineshapes showing up to three zero-crossings can be obtained, as
reported in Fig. 2b and in Supplementary Notes 3 and 4. All these
kinds of profiles are expected when scanning the tip on a coupled
system in close proximity to the EP, including the ones observed
in the WG configuration. The observation of such profiles proves
the occurrence of the EP transition, in the same way that the
spectra analysis was exploited in ref. 21 Moreover, the near-field
method allows for mapping the coupled modes intensities. Last
but not least, we were able to relate the profile of F2(ω) to a 2π
phase jump across the resonance, as well as to identify a further
class of analytical expression of generalized Fano profiles with up
to three zero-crossings associated to a 3π phase jump, whereas the
standard Fano profile shows only a π phase jump; see
Supplementary Note 3.
Numerical calculations. To study the occurrence of generalized
Fano lineshapes in close proximity to the exceptional point, we
designed a photonic molecule with small-loss mismatch, of the
order of 10%, where the coupling strength is tailored to address
the condition (κ ~ κ0; |ω1−ω2| ~ 0). The photonic molecule is
composed of two identical nanocavities with modified air pores in
the central zone to decrease the coupling30,31. FDTD calculations
were performed to reproduce the near-field photoluminescence
(PL) and resonant-scattering (RS) spectrum, respectively. Here-
after, we will use the wavelength to describe the resonances.
Figure 3a shows a typical FDTD spectrum of the nominal system
excited by electric dipoles and evaluated on the central position of
the photonic molecule. It represents a Lorentzian lineshape and
fairly reproduces the PL signal. We found two almost degenerate
normal modes exhibiting, between the central position of each
cavity, a splitting λA − λB ≈ 0.05 nm (to be compared to γA ~ γB ~
0.5 nm) and a loss mismatch γA/γB = 1.13. These tiny differences
suggest that the system is very close to the EP. This also means
that by performing only a PL experiment, even in the near-field, it
would be challenging to distinguish the case of coupled modes
close to the EP with respect to the case of one single mode. To
reproduce the resonant-scattering experiment, we performed
calculations with the layout reported in Fig. 3b, where the pho-
tonic molecule is excited by polarized plane waves. Near-field
transmission spectra are calculated in different positions and the
notable examples are reported in Fig. 3c–g. A standard Fano
profile is found in most positions, as the one in Fig. 3c, since the
intensity of one mode dominates over the other, or the phase
opposition condition does not occur, see Supplementary Note 3.
Where the modes have balanced intensities and a π phase dif-
ference, a wide variety of generalized Fano profiles up to three
crossings with the zero intensity baseline are observed, see
Fig. 3d–g. Therefore, numerical calculations prove that it is
possible to investigate the EP by the occurrence of generalized
Fano lineshapes reproduced by the analytical description in
Fig. 2b.
Experiments on photonic molecule. We fabricated the photonic
molecule presented in the previous section on a GaAs membrane,
whose scanning electron microscopy (SEM) image is reported in
the bottom inset of Fig. 4a. InAs quantum dots in the middle of
the slab allow for a straight comparison between PL and RS
experiments. By performing near-field PL, we observed two
modes (P1 and P2), each localized on a single cavity, split by Ω =
PL A
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Fig. 3 Finite-difference time-domain calculations of near-field resonant scattering in proximity to the exceptional point. a The near-field spectrum obtained
by employing dipole light sources embedded in the slab, thus resembling the photoluminescence experiment, results in a Lorentzian line. b Schematic of
the photonic molecule: five central air pores (red circles) are reduced to tailor the coupling. The sketch shows a resonant-scattering simulation where a
polarized plane wave is impinging on the slab from the bottom. The plane wave is characterized by the blue and red wavefronts, the wavevector k and the
electric field polarized along the x-direction. A, B, C, D, and E indicate the positions where the spectra reported in c–g are evaluated. c–g Near-field spectra
of the RS transmission evaluated by employing the layout reported in b. The spectrum in c is a standard Fano profile. d–g Spectra exhibiting generalized
Fano profiles with 0, 1, 2, 3 crossings with the zero-value baseline, respectively
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0.9 nm with small-loss mismatch (γP1/γP2 = 1.1, γP1 = 0.76 nm, δγ
= |γP1 − γP2| = 0.05 nm), see the dashed line spectra in the top inset
of Fig. 4a. The observed splitting Ω is mainly due to disorder
introduced during the fabrication, see Supplementary Note 8. To
reduce the initial wavelength detuning, we performed a local
laser-oxidation of the membrane32, in a position where P1 is
more affected than P2, see inset of Fig. 4a, thus producing a
selective shift of the mode wavelength. The wavelength difference
as a function of the exposure time shows an anticrossing between
the two modes, as highlighted in Fig. 4a. The data are nicely
reproduced by the coupled-mode theory that exhibits a minimum
splitting Ωmin = (0.03± 0.02) nm. This corresponds to the case of
zero wavelength detuning, where the relationship Ω2min ¼ 4κ2 
δγ2 holds. Therefore, the coupling strength is evaluated as 2κ =
0.06 nm, see Supplementary Note 8. This proves that at the
minimum splitting the investigated photonic molecule is close to
the EP (2κ = δγ) in the ATS regime, even if the coupling is lower
than the mode linewidth. The combination of controlling the
coupling, having a small-loss mismatch and minimizing the
wavelength detuning, allows us to benchmark the existence of
generalized Fano profiles in close proximity to the EP. Then, we
performed near-field RS at the minimum splitting. The map of
the amplitude of the Fano profile14 is reported in Fig. 4b. It shows
that the modes are delocalized over the entire molecule, even if a
larger amplitude is found on the left cavity, likely due to the
modification of the right-hand cavity environment by nano-
oxidation. In order compare PL and RS spectra acquired in the
same point, we report them in Fig. 4c–g for different positions.
All the PL spectra are well reproduced by Lorentzian lines.
Figure 4c shows spectra acquired where P2 dominates over P1
and in this case the RS is reproduced by a standard Fano profile.
On the other hand, the spectra of Fig. 4d–g are collected where
the amplitude of the two modes are almost balanced. Here, the RS
response is not a standard Fano and shows up to three zero-
crossings. These spectra are well reproduced by the developed
analytical model for generalized Fano lineshapes, in particular the
RS spectrum in Fig. 4d is fitted by Eq. (1). Note that similar
lineshapes are found by comparing Fig. 4d–g with Fig. 2b and
with the lineshapes predicted by numerical calculation in
Fig. 3d–g. Moreover, the spectrum reported in Fig. 4g strongly
resembles the reflectivity around the EP found in ref. 21 There-
fore, a single near-field RS measurement, by showing a general-
ized Fano profile, proves the proximity to the EP in a coupled
system. By exploiting lineshape fitting, we expand the results of
ref. 21 in monitoring the weak to strong-coupling transition
through the EP in cases where the WG approach is not possible.
The point is that resonant scattering is an intrinsically inter-
ferometric measurement14 that exhibits analogies with coherent
microscopy and anti-Young interference, in which the Rayleigh
limit, either in the spatial domain or in the frequency domain, is
overcome33,34. We also infer that our approach could detect and
quantify small spectral differences (δλ and/or δγ) between two
independent optical signals (if previously individually character-
ized) as heterodyne mixing would lead to generalized Fano pro-
files, see Supplementary Note 7.
Necklace states in disordered photonics. We extended the
generalized Fano analysis for retrieving coupled modes around
0 10 20
P1
PL
 s
ig
na
l n
or
m
.
30 40
1
0
1332 1334 1336
P2
E
A
BD
C
b
MaxMin
0
1330
R
S 
sig
na
l
1332 1334 1336
PL
 s
ig
na
l
1332 1334 1336
g Efed DCB
1330 1332 1334 1336 1332 1334 1336 1332 1334 1336
0 0
0
A
0
P1
–P
2 
(nm
)
1.0
0.8
0.6
0.4
0.2
0.0
R
S 
sig
na
l
PL
 s
ig
na
l
Wavelength (nm)Exposure time (min)
Wavelength (nm)
Wavelength (nm)
ca
Fig. 4 Generalized Fano lineshapes in a photonic molecule. a Spectral difference between the modes with larger (P1) and shorter (P2) wavelength as a
function of the oxidation-laser exposure time. The red line represents the fit obtained by the coupled-mode theory, see Supplementary Note 8. The error
bars are given by the sum of the uncertainties provided by the Lorentzian fit of each mode. Bottom inset: scanning electronic microscope image of the
photonic molecule where the red spot marks the position of the oxidation-laser and the scale bar corresponds to 500 nm. Top inset: photoluminescence
(PL) spectra collected on the right cavity (where P1 is initially localized) and on the left cavity (where P2 is initially localized) shown as red and black lines,
respectively, at t= 0 (dashed lines) and at t= 29min (solid lines). b Resonant-scattering (RS) amplitude map at t= 29min. A, B, C, D, and E indicate the
positions where the spectra of c–g are collected. c–g RS and PL data reported as red and blue points, respectively. The blue lines are Lorentzian fits. The
green line in c is a standard Fano profile fit by Supplementary Eq. (15). The red lines in d–g are generalized Fano profile fits by Supplementary Eq. (21).
Horizontal dashed lines represent the zero value of each RS profile
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-02855-3 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:396 |DOI: 10.1038/s41467-018-02855-3 |www.nature.com/naturecommunications 5
the EP to disordered photonic media. In these systems, the
position, the size and the linewidth of resonant modes is almost
unknown a priori. Numerical calculations cannot be used to
obtain reliable predictions, because additional fluctuations, due to
fabrication processes, can drastically change the spectral and
spatial distribution of the random modes. At the same time,
employing a side-coupled WG is not conceivable. We focus on
two-dimensional disordered materials that represent a notable
platform for studying mesoscopic effects of photons at low
dimensionality35–38 and could have a strong impact in the field of
renewable energies, telecom and laser applications39,40. The local
density of optical states in two-dimensional disordered photonic
systems can be engineered by tailoring the structural parameters
to enhance light localization41. Despite the ability to support
localized resonances, there exist configurations of the disorder
(not predictable a priori) that allow the coupling between adja-
cent modes, leading to the formation of chains of modes, called
necklace states42. Their appearance is of utmost importance in
determining the light transport. Necklace states have been studied
in one-dimensional systems by coherent far-field
transmission43,44. In photonic systems with larger dimension-
ality, the role of necklace states has not been studied in detail. In
two-dimensional systems, a second-order necklace state has been
identified41 and, recently, the spatial phase of a given resonance
has been proposed for addressing its occurrence45. Here, we
employ generalized Fano lineshapes for addressing necklace states
formed by a collection of coupled random modes, possibly close
to the EP (small or zero splitting of the normal modes). Indeed,
given the random nature of the modes, which exhibit a large
spatial and spectral overlap, we expect to find a considerable
number of necklace modes. Moreover, the presented near-field
method has the advantage, with respect to any statistical analysis,
of being predictive within a single measurement. Evidence of the
presence of second-order necklace states would be the simulta-
neous observation of a Lorentzian in PL and a generalized Fano
lineshape in RS. Figure 5a shows the SEM image of the disordered
slab with the PL map of two resonances, labeled as 1 and 2,
superimposed. The comparison of the PL and RS spectra collected
in four different positions are given in Fig. 5b–e. All the PL
spectra are reproduced by Lorentzian lines, whose amplitudes
define the spatial distributions shown in Fig. 5a, exhibiting a few
micrometers localization. By observing the RS spectrum of
resonance 1 in Fig. 5b, we infer the presence of a single mode, as
it is reproduced by a standard Fano profile. On the other hand,
for resonance 2 also generalized Fano profiles are observed, as
reported for three different positions in Fig. 5c–e. They show two
zero-crossings and are well reproduced by Eq. (1). Then, we
conclude that resonance 2 arises from two modes in proximity to
the EP and, therefore, it represents a second-order necklace state.
Discussion
We introduced the family of generalized Fano profiles for
describing the coherent optical response of coupled modes in the
proximity to the exceptional point singularity. Analytical and
numerical predictions were developed and tested at the nanoscale.
We demonstrated the ability of the near-field setup, via the
detection of generalized Fano lineshapes, to evidence the transi-
tion across the exceptional point. The results are a generalization
of the waveguide approach, but with improved sensitivity and
versatility. We tested the model on ordered photonic molecules
and on two-dimensional disordered photonic media. As the Fano
formalism provides a correspondence between quantum and
classical interference, it could drive the development of novel
artificial (meta)materials for quantum photonic applications46,47.
Our analysis refers to any coupled systems in the proximity of the
EP and it could be applicable to excitons in nanostructures and
mesoscopic/plasmonic materials48,49. New phenomena can be
expected in coupled optical resonators close to the exceptional
point: the Purcell effect, the strong-coupling of a single photon
emitter and a photonic mode, the generation of entangled photon
pairs with the same frequency50,51. Finally, by revealing the
presence of necklace states in disordered media, we believe that
generalized Fano profiles will stand as a valuable tool in spec-
troscopy and material science, not only concerning the optical
response but also the electronic properties.
Methods
Experimental setup. We used a commercial SNOM (TwinSnom, Omicron GmbH,
Taunusstein, Germany) in two different configurations, as highlighted in Supple-
mentary Figure 15. The illumination-collection geometry for both PL and RS
employing dielectric near-field probes for investigating PCCs and the transmission
geometry employing metal coated near-field probes to detect the RS for disordered
system. In PL experiments, the sample is excited with light from a diode laser (780
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Fig. 5 Generalized Fano lineshapes in a disordered photonic medium. a Scanning electronic microscope image of the disordered GaAs slab along with the
photoluminescence (PL) intensity maps of two spectrally separated resonances superimposed in green and red, respectively. The scale bar is 500 nm. b–e
Comparison between PL and resonant-scattering (RS) spectra detected at the positions A, B, C, D. The PL (RS) data are plotted as blue (red) points. PL
data are fitted by Lorentzian (blue lines). b The RS spectrum of resonance 1 is reproduced by a standard Fano lineshape (green line). c–e The RS spectra of
resonance 2 are reproduced by generalized Fano profiles (red lines). At every position, the central frequency and the broadening of PL and RS spectra are in
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nm) coupled into a chemically etched optical fiber. In RS experiments, we use light
coming from a supercontinuum laser (Leukos-STM, ranging in a photon energy
range from 0.8 eV to 1.0 eV, with pulse width of 1 ns and repetition rate of 5 KHz)
that is linearly polarized by a Glan-Thompson polarizing prism (extinction ratio
3 × 103). In the illumination-collection geometry, the incoming light is coupled to
an optical fiber that ends with a SNOM dielectric tip. A Babinet–Soleil compen-
sator is mounted on the optical fiber to control the light polarization at the end of
the tip. The sample is oriented so that the cavity –-axis forms a 45° angle with
respect to the input polarization axis. The backward scattered light is collected by
the same near-field probe and is filtered in crossed-polarization configuration by a
polarizing beam-splitter cube (extinction ratio 2 × 104) to overcome the huge
reflection signal, which has the same polarization as that of the incident light. In
transmission geometry incoming light is focused on the sample surface by means of
a ×50 objective (NA = 0.4) in the far-field regime. The illumination spot diameter is
~2 μm to ensure a homogeneous excitation on the entire PCN plane. Next, the
transmitted light is collected by the aluminum-coated probe and the polarizing
beam-splitter filters out the polarization components that are orthogonal to the
incident light. In both experiments, the signal was collected by the SNOM probe on
each desired position of the sample surface, was dispersed by a spectrometer and
finally was detected by a liquid nitrogen cooled InGaAs array with a resolution of
0.1 nm. This spectral resolution can be improved by performing Lorentzian line-
shape fitting of the data, thus obtaining about 0.02 nm. Regarding the imaging
technique, the morphological information given by scanning the near-field probe
on the sample surface allows for retrieving the spatial distribution of each spectral
line with about 80 nm spatial resolution both in PL and in RS experiments.
Investigated samples. The PCCs system under consideration is formed of a two-
dimensional photonic crystal on a suspended 320-nm-thick GaAs membrane
incorporating three layers of high-density InAs quantum dots (QDs) acting as local
broad light sources emitting at 1300 nm. The QDs are grown by molecular beam
epitaxy at the center of the membrane. The studied structure consists of a two-
dimensional triangular lattice of air holes with lattice parameter a = 301 nm and air
hole diameter size of 193 nm, where each cavity is formed by four missing holes
organized in a diamond-like geometry. The system is considered in the so called K-
coupling, which is formed by two PCCs aligned along the principal K-axis of the
photonic crystal. Employing a lattice with all identical air pores, strong coupling is
expected between the fundamental modes of the single cavities. Starting from the
nominal hole diameter of 193 nm, corresponding to a 1.0 nm splitting, we find that
the diameter reduction produces a continuous decreasing of the photonic coupling.
For a modified hole diameter of 183.2 nm, we find a single resonant mode, meaning
that the photonic coupling is decreased down to a value much below the mode
broadening. This leads to an accidental degeneracy of the two modes as the C2v
symmetry of the K-coupled-photonic cavities, cannot support degenerate modes.
The planar disordered sample is nanofabricated on GaAs membrane in the same
way of the PCCs one. It is characterized by an average hole diameter of 180 nm and
an average surface filling fraction of 40%. The strength of scattering in our samples
can be quantified by the transport mean-free path ℓ* and in our sample we have
kℓ* around 3, therefore indicating strong scattering regime. The samples are
optically activated by the inclusion of three layers of InAs QDs at a high number
density (103 μm−2).
Finite-difference time-domain calculations. We consider a double cavities sys-
tem inside photonic crystal on slab with the same nominal parameters of the
investigated one. We re-designed the five central air pores to reduce the photonic
coupling, following the results of ref. 18 The system then shows two accidental-
degenerate modes in close proximity to the EP. The first characterization simulates
the near-field PL. We employed eight single dipoles emitting in a broad spectral
range that covers the system resonances, with both in plane x and y polarizations.
They are placed in the middle of the membrane along the z-axis. Although in the
x–y plane, they are placed close to the position where the resonant mode dis-
tributions show local maxima, but without any symmetry requirement in the plane
of the slab. We detect the emission spectrum at different position in the x–y plane
with small sensors (100 nm × 100 nm) placed at 22 nm on top of the slab surface.
We found Lorentzian lineshapes in all points. Between two symmetric points of the
photonic molecule localized each on one different cavity, we find a wavelength
splitting δλ ≈ 0.05 nm (to be compared to γA~ γB~ 0.5 nm) and a loss mismatch γA/
γB = 1.1. To simulate near-field transmission, we use plane waves excitation
impinging from the bottom of the slab with different angles, ranging from 0° to 25°
with respect to the normal to the slab plane, in order to sustain both modes. The
plane waves have the same polarization of the resonant modes. Different sensors
were placed 22 nm above the sample surface: a big detector covering all the cavities
area (2 × 2 μm) that resembles a far-field experiment) and many small (100 × 100
nm) detectors placed in the same area. The former gives a spectrum with a stan-
dard Fano profile (very often a Lorentzian one), and no information on the EP
presence can be obtained. As the resonant modes have spatial amplitude and phase
variations, the amplitude and the phases of the two degenerate modes depend on
the position and can rarely be balanced. Then, we expect very different spectra as a
function of position. Where the amplitudes of one mode dominates the spectrum is
a standard Fano profiles. However, investigating spectra of sensors placed in
position where the two modes have comparable amplitudes, we find generalized
Fano profiles. Examples are given in Fig. 3d–g and in Supplementary Note 6.
Data availability. The data supporting the findings of this study are available upon
request from the corresponding author (including data presented in the main text
and in the Supplementary Information).
Received: 29 November 2017 Accepted: 3 January 2018
References
1. Beutler, H. Über Absorptionsserien von Argon, Krypton und Xenon zu
Termen zwischen den beiden Ionisierungsgrenzen 2P0 3/2 und 2P0 1/2. Z. Phys.
A 93, 177–196 (1935).
2. Fano, U. Sullo spettro di assorbimento dei gas nobili presso il limite dello
spettro d’arco. Il Nuovo Cim. 12, 154–161 (1935).
3. Fano, U. Effects of configuration interaction on intensities and phase shifts.
Phys. Rev. 124, 1866–1878 (1961).
4. Feshbach, H. Unified theory of nuclear reactions. Ann. Phys. 5, 357–390
(1958).
5. Ott, C. et al. Reconstruction and control of a time-dependent two-electron
wave packet. Nature 516, 374–378 (2014).
6. Theis, M. et al. Tuning the scattering length with an optically induced
feshbach resonance. Phys. Rev. Lett. 93, 123001 (2004).
7. Fan, P., Yu, Z., Fan, S. & Brongersma, M. L. Optical Fano resonance of an
individual semiconductor nanostructure. Nat. Mater. 13, 471–475 (2014).
8. Schmidt, H., Campman, K. L., Gossard, A. C. & Imamoglu, A. Tunneling
induced transparency: Fano interference in intersubband transitions, Appl.
Phys. Lett. 70, 3455–3457 (1997).
9. Luk’yanchuk, B. et al. The Fano resonance in plasmonic nanostructures and
metamaterials. Nat. Mater. 9, 707–715 (2010).
10. Galli, M. et al. Light scattering and Fano resonances in high-Q photonic
crystal nanocavities. Appl. Phys. Lett. 94, 1101 (2009).
11. Magunov, A. I., Rotter, I. & Strakhova, S. I. Fano resonances in the
overlapping regime. Phys. Rev. B 68, 245305 (2003).
12. Hao, F. et al. Symmetry breaking in plasmonic nanocavities: subradiant LSPR
sensing and a tunable fano resonance. Nano Lett. 8, 3983–3988 (2008).
13. Xia, K. & Zhang, J.-Q. Tuning optical spectrum between Fano and Lorentzian
lineshapes with phasecontrol. Opt. Commun. 354, 128–131 (2015).
14. Caselli, N. et al. Ultra-subwavelength phase sensitive Fano-imaging of
localized photonic modes. Light Sci. Appl. 4, e326 (2015).
15. Ott, C. et al. Lorentz meets Fano in spectral lineshapes: a universal phase and
its laser control. Science 340, 716–720 (2013).
16. Harris, S. E., Field, J. E. & Imamoglu, A. Nonlinear optical processes using
electromagnetically induced transparency. Phys. Rev. Lett. 64, 10 (1990).
17. Zhang, S., Genov, D. A., Wang, Y., Liu, M. & Zhang, X. Plasmon-induced
transparency in metamaterials. Phys. Rev. Lett. 101, 047401 (2008).
18. Suh, W., Wang, Z. & Fan, S. Temporal coupled-mode theory and the presence
of non-orthogonal modes in lossless multimode cavities. IEEE J. Quant.
Electron. 40, 1511–1518 (2004).
19. Xu, Q. et al. Experimental realization of an on-chip all-optical analogue to
electromagnetically induced transparency. Phys. Rev. Lett. 96, 123901 (2006).
20. Yang, X., Yu, M., Kwong, D.-L. & Wong, C. W. All-optical analog to
electromagnetically induced transparency in multiple coupled-photonic
crystal cavities. Phys. Rev. Lett. 102, 173902 (2009).
21. Peng, B., Özdemir, Ş. K., Chen, W., Nori, F. & Yang, L. What is and what is
not electromagnetically induced transparency in whispering-gallery
microcavities. Nat. Commun. 5, 5082 (2014).
22. Zhen, B. et al. Spawning rings of exceptional points out of Dirac cones. Nature
525, 354–358 (2015).
23. Lee, S.-B. et al. Observation of an exceptional point in a chaotic optical
microcavity. Phys. Rev. Lett. 103, 134101 (2009).
24. Arias, J. M., Dukelsky, J. & García-Ramos, J. E. Quantum phase transitions in
the interacting boson model: integrability, level repulsion, and level crossing.
Phys. Rev. Lett. 91, 162502 (2003).
25. Emary, C. & Brandes, T. Quantum chaos triggered by precursors of a
quantum phase transition: the Dicke model. Phys. Rev. Lett. 90, 044101
(2003).
26. Kim, K.-H. et al. Direct observation of exceptional points in coupled-
photonic-crystal lasers with asymmetric optical gains. Nat. Commun. 7, 13893
(2016).
27. Brandstetter, M. et al. Reversing the pump dependence of a laser at an
exceptional point. Nat. Commun. 67, 085317 (2003).
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-02855-3 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:396 |DOI: 10.1038/s41467-018-02855-3 |www.nature.com/naturecommunications 7
28. Rüter, C. E. et al. Observation of parity–time symmetry in optics. Nat. Phys. 6,
192–195 (2010).
29. Totsuka, K., Kobayashi, N. & Tomita, M. Slow light in coupled-resonator-
induced transparency. Phys. Rev. Lett. 98, 213904 (2007).
30. Haddadi, S. et al. Photonic molecules: tailoring the coupling strength and sign.
Opt. Express 22, 12359–12368 (2014).
31. Caselli, N., Intonti, F., Riboli, F. & Gurioli, M. Engineering the mode parity of
the ground state in photonic crystal molecules. Opt. Express 22, 4953–4959
(2014).
32. Caselli, N. et al. Post-fabrication control of evanescent tunnelling in photonic
crystal molecules. Appl. Phys. Lett. 101, 211108 (2012).
33. Horstmeyer, R., Heintzmann, R., Popescu, G., Waller, L. & Yang, C.
Standardizing the resolution claims for coherent microscopy. Nat. Photon. 10,
68–71 (2016).
34. Intonti, F. et al. Young’s type interference for probing the mode symmetry in
photonic structures. Phys. Rev. Lett. 106, 143901 (2011).
35. Riboli, F. et al. Anderson localization of near-visible light in two dimensions.
Opt. Lett. 36, 127 (2011).
36. Garcıa, P. D., Stobbe, S., Sollner, I. & Lodahl, P. Nonuniversal intensity
correlations in a two-dimensional Anderson-localizing random medium.
Phys. Rev. Lett. 109, 253902 (2012).
37. Yamilov, A. G. et al. Position-dependent diffusion of light in disordered
waveguides. Phys. Rev. Lett. 112, 023904 (2014).
38. Laurent, D., Legrand, O., Sebbah, P., Vanneste, C. & Mortessagne, F. Localized
modes in a finite-size open disordered microwave cavity. Phys. Rev. Lett. 99,
253902 (2007).
39. Vynck, K., Burresi, M., Riboli, F. & Wiersma, D. S. Photon management in
two-dimensional disordered media, Nat. Mater. 11, 1017–1022 (2012).
40. Redding, B., Liew, S. F., Sarma, R. & Cao, H. Compact spectrometer based on
disordered photonic chip. Nat. Photon. 7, 746 (2013).
41. Riboli, F. et al. Engineering of light confinement in strongly scattering
disordered media. Nat. Mater. 13, 720 (2014).
42. Pendry, J. Quasi-extended electron states in strongly disordered systems. J.
Phys. C Solid State Phys. 20, 733 (1987).
43. Bertolotti, J., Gottardo, S., Wiersma, D. S., Ghulinyan, M. & Pavesi, L. Optical
necklace states in Anderson localized 1D systems. Phys. Rev. Lett. 94, 113903
(2005).
44. Bertolotti, J. et al. Wave transport in random systems: multiple resonance
character of necklace modes and their statistical behavior. Phys. Rev. E 74,
035602 (2006).
45. Sgrignuoli, F. et al. Necklace state hallmark in disordered 2D photonic
systems. ACS Photon. 2, 1636–1643 (2015).
46. Yang, Y., Kravchenko, I. I., Briggs, D. P. & Valentine, J. All-dielectric
metasurface analogue of electromagnetically induced transparency. Nat.
Commun. 5, 5753 (2014).
47. Cao, T., Wei, C., Simpson, R. E., Zhang, L. & Cryan, M. J. Fast tuning of
double fano resonance using a phase-change metamaterial under low power
intensity. Sci. Rep. 4, 4463 (2014).
48. Artar, A., Yanik, A. A. & Altug, H. Directional double fano resonances in
plasmonic hetero-oligomers. Nano Lett. 11, 3694–3700 (2011).
49. Qi, J. et al. Independently tunable double Fano resonances in asymmetric
MIM waveguide structure. Opt. Express 22, 14688–14695 (2014).
50. Kwiat, P. G. et al. New high-intensity source of polarization-entangled photon
pairs. Phys. Rev. Lett. 75, 4337 (1995).
51. Stace, T. M., Milburn, G. J. & Barnes, C. H. W. Entangled two-photon source
using biexciton emission of an asymmetric quantum dot in a cavity. Phys. Rev.
B 67, 085317 (2003).
Acknowledgements
This article is based upon work from COST Action MP1403 Nanoscale Quantum Optics,
supported by COST (European Cooperation in Science and Technology). F.I. acknowl-
edges Ente Cassa di Risparmio di Firenze pratica 2016.0968 F.B. acknowledges funding
from the Italian Ministry for Education, University and Research within the FIRB pro-
gram (project DeLIGHTeD, Protocollo RBFR12RS1W).
Author contributions
N.C., F.I. and M.G. conceived the experiment. N.C. performed the measurements with
the help of F.L.C., F.B. and F.I. N.C. and M.G. interpreted the data and developed the
analytical model. N.C. and F.R. performed the FDTD calculations. F.P., A.F., E.H.L. and
L.L. grew the samples by molecular beam epitaxy. A.G. performed the chemical etching
and the SEM images. N.C. and M.G. wrote and revised the paper with fundamental
inputs from A.F., F.I. and F.R. All authors commented on the manuscript.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-02855-3.
Competing interests: The authors declare no competing financial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-02855-3
8 NATURE COMMUNICATIONS |  (2018) 9:396 |DOI: 10.1038/s41467-018-02855-3 |www.nature.com/naturecommunications
